• We have successfully synthesized Ge NPs in acetone using pulsed laser ablation.
INTRODUCTION
Semiconductor nanoparticles (NPs) or quantum dots are very attractive and interesting area of current research. There are many significant developments made in the synthesis, characterization and application oriented development of these fascinating materials [1, 2] . The effect of quantum confinement in the semiconductor NPs on the optical properties of semiconductors is mainly responsible for the growing interest as an attractive area of research. The interest in the basic semiconductor NPs of silicon and germanium is high as they show highly good luminescence properties at the nanoscale whereas there is no emission from them in their bulk form [3] . Further studies on Si and Ge-NPs are very interesting because of their size dependent optical properties which can lead to many technologically important applications such as optical light emitting devices [4] , integrated flash memory devices [5] solar cell technology [6] and in biomedicine [7] . Bulk crystalline Si and Ge are also leading materials in microelectronics industry because of their semiconducting properties [8, 9] . In the fastest growing field of the nanoscience and nanotechnology, the integration of optoelectronic devices with the microelectronics which show efficient optical properties along with their integration in electronic technology is needed. Si and Ge nanocrystals (NCs) are considered to be ideal candidates for optoelectronic applications because they show emission in the visible region [10, 11] . The added advantage is that Si and Ge are non-toxic and environmentally friendly green materials [12] , so that they can replace toxic semiconducting materials in the optoelectronic research of optical lighting and display applications. The efficient luminescence properties at room temperature are due to their strong quantum confinement effects in the nanoscale [13] . Out of these two, Ge (24 nm) has larger Bohr exciton radius in comparison with the Si (6 nm), and also by considering the effective masses and energy differences between the indirect gaps, the Ge NCs have better technological advantages over Si NCs [14] . Mostly in all the preparation processes, the Ge nanocrystals are embedded in a dielectric (SiO 2 ) matrix. All these methods include mainly the deposition of thin films by physical/chemical method and then followed by high temperature annealing for the formation of nanoparticles. Cosputtering [15] , sol-gel synthesis [16] , ion implantation [17] , etc. are few more popular methods to mention out of the many available techniques. Formation of Ge layer containing Ge NCs formed by electrochemical etching was reported very recently [18, 19] . All these techniques produce broad distributions of particle sizes and needs high end vacuum based deposition systems along with high temperature furnaces. Though there have been few reports available on Ge NPs synthesis through sol gel route [20, 21] , in general the solution based sol-gel synthesis of Ge NPs is more difficult because of the lack of knowledge of highly crystalline monodisperse samples for initial starting precursors [22] . Synthesis of germanium nanoparticles (NPs) in a simple, cheap and green procedure with sizes tuned to desired optical and electronic properties can be a multifaceted task. Optimization of new methods for the preparation of nanostructures using a range of available techniques has therefore become an important area of materials research. One relatively simple, inexpensive and green synthesis method for synthesizing nanoparticles of desired sizes at room temperatures is pulsed laser ablation in liquids (PLAL) from bulk targets [23] [24] [25] . Lasers have been used for materials processing because of their high energy. Laser ablation uses the energy of short laser pulses to remove some of the material from its source/bulk target. High intensity pulses on a material under controlled pressure and temperature conditions can lead to the generation of nanoparticles of the material in the solution. Laser ablation in liquids has the advantage that it can be done at room temperatures and control on the properties of the nanoparticles can be achieved by varying the liquid properties and laser ablation parameters. This technique is therefore considered effective for the synthesis of colloidal solutions of nanoparticles. Overall it is a fast, cheap and clean (green) method of preparation of a variety of nanoparticles.
Among the two, Si and Ge NPs by pulsed laser ablation in liquids more efforts and research has been carried out on Si in comparison with that of Ge [26] [27] [28] [29] . The literature on the synthesis of Ge NPs [30, 31] by PLAL is limited and so the understanding of Ge NPs formation by PLAL and the tuning of optical properties by varying different input parameters is very much needed. In this paper we focus on the synthesis of germanium NPs by pulsed laser ablation (PLA) in acetone and the optical and structural characterization of thus synthesized NPs using different methods such as Raman spectroscopy, transmission electron microscopy (TEM), optical absorption, X-Ray diffraction (XRD), photoluminescence (PL) etc. Here we have mainly studied the laser pulse energy dependence on the average size of the Ge NPs synthesized by pulsed laser ablation with nanosecond laser pulses. The blue photoluminescence and the size dependent shift in the microRaman spectra have been discussed in detail. The results have been understood based on the phonon confinement model.
EXPERIMENTAL DETAILS NP SYNTHESIS
Commercially available p-type Ge (100) wafer with 0-30 ohm-cm resistivity was used for the fabrication of Ge NPs. Germanium target was ultrasonically cleaned with distilled water and then with acetone for 20 min before the ablation process. Q-switched Nd: YAG pulsed laser delivering 10 Hz repetition rate pulses with 6 ns pulse width at 1064 nm fundamental wavelength was used for the laser ablation of Ge wafer. The cleaned germanium wafer was placed at the bottom of the beaker and filled with 10 ml of acetone. After keeping the substrates perfectly parallel to the optical bench, the laser pulses were allowed to focus on the substrates with a plano-convex lens (focal length f = 10 cm) for different times. Different pulse energies of 60, 40, and 20 mJ were used for the generation of germanium NPs to see the effect of pulse energy on the formation of Ge NPs. During the laser ablation, the target was moved using a rotation system to achieve more and uniform irradiation of germanium surface. The laser was focused normally on the target for ablation. After 30 min irradiation, the solution became light brown in color which indicates the formation of Ge NPs. The ablated solution was then used for all the characterizations. To confirm the presence of Ge NPs the same solution was ablated without keeping Ge wafer for the same duration of time at the same energy. Figure 1 shows the schematic diagram of a typical experimental setup for pulsed laser ablation in liquids (PLAL). The setup basically consists of a pulsed laser, beam delivery optics, and a container to hold the target and liquid (acetone in the present case). The setup may be modified to control the ablation process, but the common features still exist, that is, a laser beam is focused onto a target immersed in liquid, and the ablated materials are dispersed into the liquid.
NP CHARACTERIZATION
The Raman measurements were carried out with HR 800 Horiba Jobin Yvon model, at room temperature using 632 nm line of a He-Ne laser as the excitation wavelength. The Raman scattering measurements were carried out (1) on the drop casted NPs solutions on a glass plate (cover slip) (2) on the ablated position of the Ge wafer and (3) unablated Ge wafer. Raman spectrum gives detailed information on the vibrational energies of the different sizes of Ge NPs and it is a non-destructive method. The Raman spectra were recorded in the backscattering geometry at room temperature. Calibration was performed with a silicon wafer by utilizing the first order phonon band of Si at 520 cm −1 before and after recording. The laser light was focused on the NPs sample with a 10 × objective lens and the backscattered light was collected into the LabRam spectrometer equipped with a grating having 1800 grooves/mm. To avoid the heating of the samples with the laser beam we have used low powers of the excited laser (≤2 mW). The surface morphology of the laser ablated wafer was studied using field emission scanning electron microscopy (FESEM-Carl Zeiss, FEG, Ultra 55) with operating voltage at 5 kV. The images and the structural characteristics of Ge NPs have been studied by using advanced TEM (Tecnai 20 G2 STwin) with an electron-accelerating voltage of 200 kV. The Ge NPs solution was drop casted on to carbon coated copper TEM grids and glass substrates for TEM and FESEM measurements, respectively. The photo absorption and photoluminescence measurements were carried out on the Ge NPs solutions by taking them in well cleaned 10 ml quartz cuvettes. The photo absorption measurements were carried out using double beam UV-Visible spectrophotometer (Jasco V-657) ranging from 200 to 1000 nm. The fluorescence measurements were performed in the visible region using Fluorolog spectrometer (Horiba-Jobin, PL-Fluorolog, Xenon lamp, 450 W, Excitation wavelength: 355 nm, Resolution: 0.3 nm) to observe the luminescence properties of Ge NPs solution. XRD measurements were carried out in glancing angle incidence mode with an incidence angle of 1 • using a Cu Kα source (1.5406 Å) on the glass plate where the Ge NPs solution was drop casted. Structural characterization and elemental composition of the Ge NPs were observed by selective area electron diffraction (SAED) and energy dispersive X-ray spectroscopy analysis (EDS) both of which are associated with TEM.
RESULTS AND DISCUSSION

RAMAN RESULTS
Micro-Raman spectroscopy measurements have been performed on all the different types of samples synthesized in acetone at different energies and also on the ablated Ge wafers separately. Raman spectra of unablated bulk crystalline Ge (pure) and laser ablated Ge at different laser pulse energies are shown in Figure 2A . The Raman peak due to Ge-Ge vibrational modes of the bulk crystalline Ge wafer falls at 300 cm −1 (with FWHM of ∼3 cm −1 ) which is symmetrical at the peak position. The Raman spectrum of the ablated region of the Ge wafer contains a second peak, which is attributed to the NP adherence to the Ge wafer. The second peak shows a shift in its vibrational frequency that increases with the increase of laser pulse energy. The shift is more at higher energies when compared with that at lower energies. We also recorded the Raman spectra of only Ge NPs by evaporating NP solution on a cover glass slide and the observed spectra are shown in Figure 2B . When we compare the two spectra, Figures 2A,B , we observe that the 300 cm −1 peak for the NPs on glass slide show a shift of around 4 cm −1 (maximum), while the NPs on the Ge wafer shows a side peak shift of around 9 cm −1 (maximum). This is a consequence of decrease in the average size of Ge NPs [32, 33] . We did not observe any shift in the main peak at 300 cm −1 in Figure 2A which is that of the Ge-Ge vibrational band of the wafer alone. However, we can clearly see an asymmetry in the peak toward lower wavenumber side along with the second peak that has the contribution of the NPs' adherence to the Ge wafer [the two peaks can be clearly distinguished in the deconvoluted Raman spectra shown in Figure 2D ].
The observed results are interpreted as due to the strains of various extents and are discussed below. For the NPs on the glass slide, larger the size of the NPs the smaller the shift observed, which is understandable as the surface to volume ratio decreases for the larger sized particles and hence the lower strain effects are expected for larger sized particles. So the shift observed can be attributed to the quantum confinement, which is related to sizes [34] . However, for the particles that adhere to the Ge wafer immediately after the ablation, we expect an additional strain at the interface of the bulk Ge and the NPs. Both the spectra (Figures 2A,B) agree and also show consistency. Figure 2B doesn't show the side peak that is observed in Figure 2A , which is attributed as to the Ge-Ge vibrational modes of the NPs and the Ge surface atoms. This shift in the peak position and the increase in FWHM indicate that a size reduction of the NPs due to the pulse energy of the laser. The Raman peak position values for different laser pulse energy synthesized Ge NPs in the solution have been given in the Table 1 . The broadening and shift toward the lower wavenumber side can be related to the nanoparticle size using the phonon confinement model which can be given by the equation for the first order Raman spectrum as [35, 36] :
Where "q" is expressed in terms of 2π/a, and a is the lattice constant of Ge (0.5658 nm), d is the size of the Ge nanoparticle. 0 (= 3.2 cm −1 ) is the natural line width of the transverse optical (TO) phonon in crystalline bulk Ge at room temperature and ω(q) is the TO phonon dispersion frequency relation at q. By using the above equation along with the dispersion relation and considering the downshift of the Raman peak and the peak broadening with respect to the bulk Ge, the average nanoparticle size can be estimated. The equation that relate the peak shift with the NP size can be given after simplification as [37] :
where the values are A and γ are constants and a is the lattice parameter of Ge (0.5658 nm). The measured peak shifts in the Raman peak are compared with this formula and estimated the Ge NP size. Figure 2C shows a fit of experimentally observed data with the Equation (2) as based on the quantum effects. We fitted the data of the NPs suspended in the solution with the equation 2 using the constants A and γ as 47.41 and 1.25 respectively. The value of γ slightly differs from the earlier reported value 1.44 [37] . This variation could be due to the difference in the synthesis procedures followed. The quantum confinement model is applied to the NPs on a glass slide (peak at 300 cm −1 ), and the same cannot be applied to the side peak of NPs adhered to the Ge wafer as there are additional strains coming at the interface of the particle and the bulk Ge. It is observed that the NP size values measured here are in close agreement with the NP sizes obtained from TEM measurements as can be seen from the Figure 2C . No peak is observed around 440 cm −1 which indicates that GeO 2 phase has not been formed in the NPs [38] . Only major peak corresponding to Ge-Ge optical phonon mode at 300 cm −1 with lower shift along with the asymmetry is observed in the Raman spectra. Hence it is concluded that the size dependent Ge NPs have formed due to laser ablation of Ge wafer in acetone. A broad peak centered at 270 cm −1 is also not observed so there is no formation of amorphous Ge [39] . Thus, pure Ge NPs have been observed and with the increase of laser ablation energy the NP size decreases and the number density of the NPs formed increases.
TEM RESULTS
Structural characterization of the synthesized Ge NPs was carried out using TEM imaging to understand the dispersion, average size of the Ge NPs in the solvent and the density of formed NPs. Figure 3 show the TEM images of Ge NPs formed in acetone.
We have observed that the Ge nanoparticles are well dispersed in acetone. The NPs formed in acetone at different energies of the incident laser pulse are shown in Figure 3 . Figure 3C shows the Ge NPs formed at high energy ablation but ablated for 20 min only whereas Figures 3A,B ,D corresponds to the Ge NPs synthesized in acetone with different energies for 30 min duration of the ablation. With the increase in laser pulse energy we have observed that the Ge NPs concentration increased and the average size was observed to be decreased as seen from the synthesized at different conditions. Figure 4D shows the elemental composition of the Ge NPs recorded by using energy dispersive X-ray spectroscopy (EDS) associated with TEM, which confirms the Ge NPs composition. We noticed a decrease in the average size of the NPs with the increase in the laser pulse energy used for ablation. The values are summarized and given in the Table 1 . We have observed that the Ge NPs formed in different ablation conditions are lesser than the Bohr radius value of Ge hence efficient quantum confinement is possible with these formed nanoparticles. The SAED pattern recorded from the Ge NPs is shown in the Figure 5C along with the high resolution TEM image of the single Ge NPs (Figures 5A,B) . The diffraction patterns have been assigned to the Ge (111), (220), and (311) diffraction planes respectively by measuring the d-spacing value and it is matching with the respective JCPDS file (Card No # 04-0545). It was observed that the Ge NPs formed in the acetone are highly crystalline. The lattice planes are matched with the diamond structure of Ge. The lattice constant calculated from these spots is ∼0.565 nm which is in consistent with the Ge lattice constant.
The high resolution TEM image also shows the highly oriented planes of the crystalline Ge with d-spacing 0.32 nm in the (111) direction.
The solution containing Ge NPs was drop casted on the glass plate and dried at room temperature for few hours. The dried glass slide was used to record the XRD pattern and the XRD pattern of the Ge NPs is shown in Figure 5D . It shows that the Ge NPs formed in the solution are crystalline with diamond structure. All the Ge nanoparticle peaks with (111), (220), and (311) orientations have been noticed at their respective 2θ positions. We have calculated micro strain values using Williamson-hall method [40] from the XRD pattern of these Ge NPs and we have found that the strain value is around 3 × 10 −4 . So the shift in the Raman peak is mainly due to the quantum confinement related to NP size where the particles of different sizes also experience different strains.
FESEM RESULTS
FESEM has been used to study the surface morphology and the formation of micro/nano structures upon laser ablation in acetone. We have recorded FESEM on the laser ablated Ge wafer as well as the NPs solution drop casted on the glass slide. FESEM images further confirmed Ge NP formation and the particle distribution changes with input laser pulse energy. Figures 6A-C show the Ge nanoparticle formation at laser pulse energies of 20, 40, and 60 mJ from the bulk Ge wafer for 30 min duration of the ablation. Similar to TEM, we conclude the number of particles (particle density) formed increases with increase in laser pulse energy. From the images it was clear that the Ge gets modified in micro and nano regions at the ablated position of the wafer. So there are modified micro regions in which nano sized Ge particles formed on the ablated wafer. Figure 6D shows the FESEM image of the drop casted solution on the glass slide. This clearly confirms the formation of well dispersed Ge NPs in the solution, which was earlier confirmed from Raman and TEM measurements. 
ABSORPTION AND PL RESULTS
The photo physical properties have been investigated by using optical absorption (UV-Vis) and photoluminescence emission spectroscopies. The photo absorption spectra of the Ge NPs synthesized at different laser pulse energies in acetone are shown in Figure 7 . From the absorption spectra it is clear that the spectra exhibit a peak centered at around 335 nm with its tail extending to the red region (600 nm) and the peak position shifts with the laser pulse energy for different samples. A small blue shift (decrease in wavelength) in absorption wavelength was noticed with the increase of laser pulse energy which signifies a decrease in average size of Ge NPs. The Bohr radius of Ge NP is around 24 nm, and the peak at 335 nm is attributed to quantum effects of the NPs below the Bohr radius. Though the NPs size distribution from TEM appears reasonably narrow which should have made the peak to be distinct, a long tail forms on the lower energy side due to the formation of defects during laser irradiation. The NPs distributed in the solution thus show a wide absorption band. Similar kind of absorption was reported for the Ge NPs formed in water [22] but we are reporting the formation of Ge NPs in acetone at different energies for the first time.
On the other hand the Figure 8 shows the PL spectra of the Ge NP colloidal solutions prepared at different laser pulse energies. The PL spectra look broad ranging from 380 to 500 nm with peak positions at different wavelengths for different laser energy of the ablation. The difference in PL peak wavelengths of Ge NPs synthesized with different energies at a given excitation wavelength of 355 nm can be directly visible from the spectra. The PL spectra indicate the emission in the blue region and shows that the Ge NPs are blue luminescent in nature. This observed emission is attributed to the interband emission from Ge NPs than due to the defect states. The defect states continuously extend till 2.1 eV (600 nm) and therefore do not yield any emission in the visible region and decay through non-radiative processes. Thus, the observed blue emission is primarily due to the interband transition effects, where the relevant states are, a quantized state at around 335 nm and the ground state. There are several reports available on the blue emission of Ge NPs synthesized by different methods which say that the reason for the emission is purely due to the formation of size dependent Ge NPs. Here we are reporting the Ge NPs synthesis by laser ablation of Ge in acetone. Previously Ghosh et al. [13] have reported the green luminescent Ge NPs by laser ablation of Ge in 1-octene. Our studies are in acetone and the PL peak position is found to shift slightly toward the lower wavelengths with the increase in laser pulse energy which is a consequence of the decrease of Ge NP size. The colloidal Ge NPs prepared at lower and medium energy ablation show a broader emission with double/multiple peak positions (423, 442, 483 nm), whereas the Ge NPs prepared at higher energy ablation show a single peak emission (mostly at 418 nm). The reason for such observation is the size distribution of Ge NPs formed in the higher energy ablation is sharper than the size distribution of Ge NPs formed in the lower and medium energy ablation. The number density of Ge NPs is different in different samples and in the high energy ablation case the sample has more number of NPs. There are several earlier reports which present the PL emission of Ge NPs in the blue-green spectral region [11, [41] [42] [43] and from those reports it was observed that different synthesis methods of Ge NPs yields different emission. So here we may expect the change in emission wavelength depending on the solvent because Ghosh et al. [13] have shown the green emission from Ge NPs synthesized by laser ablation in 1-octene. Hence further studies with different solvents on the optical emission properties of the Ge NPs and their structural studies are planned.
CONCLUSIONS
We have successfully synthesized the Ge nanoparticles by a versatile and green synthesis method pulsed laser ablation in liquids (PLAL), for the present case in acetone. Ge nanoparticle formation on the ablated wafer and as well in the solution was also achieved. The formation of NPs was confirmed from various characterization methods such as Raman spectroscopy, TEM, FESEM, optical absorption, XRD and PL. We have observed that the average size of the NPs decreases with the increase in the laser energy during ablation process. The NP number density in the solution was also observed to be more in the high energy ablated case i.e., the more no of NPs are formed at high energy ablation in the liquid. The particles have been formed without agglomeration in acetone and with good dispersion and size distribution as evident from TEM. Size dependent Raman shifts were observed from the analysis of the Raman spectra. Finally the measured NP sizes from micro-Raman phonon quantum confinement model are found in good agreement with TEM measurements of Ge NPs.
